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Abstract
Shallow landslides occurred due to heavy rainfall on 
August 20, 2014 in Hiroshima City, southwest Japan. 
The topographic analysis with high resolution digital 
elevation models (DEMs) revealed that (1) many land-
slides occurred at slopes steeper than 30°, and (2) specific 
source areas of the landslide scarps in the mixed-rock 
area were larger than those in the granite area by one to 
two orders of magnitude. Field observations revealed that 
the types of landslides were mainly divided into planar 
translational and V-shaped. Some of them in the mixed-
rock area formed deeper scars (6 m maximum) than 
those in the granite area. Soil samples collected from the 
scarps in the mixed-rock area showed lower hydraulic 
conductivity than those in the granite area and showed 
a grain-size distribution with high clay content ranging 
from 16.8%–51.7%. The infinite slope stability analysis 
indicated that some planar-translational landslides in the 
mixed-rock area could have occurred when the soil layers 
reached nearly full saturation. Saturation of soil layer and 
groundwater flow due to large specific source areas possi-
bly caused the shallow landslides in the mixed rock area.
Key words: GIS, Specific source area, Soil property, In-
finite slope stability analysis, Groundwater flow
1. Introduction
Shallow landslides triggered by heavy rainfall occur on 
steep soil-mantled hillslopes. Landslide masses suddenly 
move down as debris flows and occasionally cause disas-
ters (Iverson, 2000). A heavy rainfall event on August 20, 
2014 caused shallow landslides on hillslopes in the north-
ern part of Hiroshima City, southwestern Japan. Some pa-
pers reported the results of field observations and stability 
analyses for shallow landslides, and they discussed the 
triggering mechanisms based on geological, meteorologi-
cal, and geomorphological conditions (e.g., Kaibori et al., 
2014; Matsushi et al., 2015; Saito et al., 2015; Watakabe 
and Matsushi, 2019). One of the characteristics of this 
event is that landslides and debris flows occurred in head-
water basins underlain by various rocks including granite, 
rhyolite dikes, schist, and mixed rocks of sandstone and 
mudstone (Saito et al., 2015). In particular, shallow land-
slides in mixed-rock areas rarely occurred. Therefore, ad-
ditional surveys are essential for understanding landslide 
disasters in mixed-rock areas. 
This study reveals the characteristics of shallow land-
slides induced by the heavy rainfall in Hiroshima City 
on August 20, 2014 from the perspective of geology, 
topography, and the physical properties of the soil. In par-
ticular, we focus on the topographic characteristics and 
triggering conditions of landslides in hillslopes underlain 
by mixed rock. 
2. Site description
Figure 1 shows the slope map, elevation changes, 
and geological boundaries around Mt. Abu (586 m asl.). 
The northern part of Mt. Abu is composed of Jurassic 
schist and Jurassic mixed rock of mudstone, sandstone, 
and chert (Saito et al., 2015). The mixed rock is weakly 
metamorphosed. Late Cretaceous granite exposes in the 
southern part (Takahashi, 1991; Saito et al., 2015). Late 
Cretaceous rhyolite dike intruded between the mixed-
rock and granite areas. The mean annual precipitation 
is 1690 mm, and the mean temperature is 14.8°C at the 
Japan Meteorological Agency station, Miiri, about 5 km 
north from Mt. Abu. Planted forest of cedar and cypress 
occupies the northern slope. Oak and pine are in most of 
the other areas. 
During heavy rainfall from August 19 to 20, 2014, the 
maximum amounts of 1-, 3-, and 24-hour rainfall were 
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Fig. 1    Slope map with elevation changes between 2009 and 2014. The closed circles represent landslides for field survey. The 
blue lines indicate geological boundaries. Elevation changes larger than 1 m are shown in accordance with the color 
scale.
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101.0, 217.5, and 257.0 mm, respectively, at the Japan 
Meteorological Agency station, Miiri. These values were 
the highest on record from 2001 to 2014. Shallow land-
slides occurred concurrently when the maximum 1-hour 
rainfall intensity exceeded 70 mm, and the maximum 
3-hour rainfall was more than 160–180 mm (Matsushi et 
al., 2015). 
3. Method
3.1. GIS-based topographic analysis
We measured the elevation changes, slope angles, 
widths, and specific source areas of the landslides using 
ArcMap ver. 10.6 (ESRI Inc.) Two digital elevation mod-
els with 1-m resolution (hereafter 1-m DEMs) taken in 
2009 (before the disaster) and 2014 (after the disaster) 
are the base maps for the topographic analyses. The ele-
vation changes are the subtraction of elevations in 2009 
from those in 2014. We determined landslides from the 
elevation changes and landslide scars seen in aerial pho-
tographs taken by the Geospatial Information Authority 
of Japan. The slope angle of each landslide is the mean 
angle along the longitudinal line ranging from 6.6 to 14.9 
m toward the maximum slope direction. A specific source 
area of a landslide scarp, A/B, is the size of the upslope 
source area above the scarp, A, divided by the width of 
the landslide, B. The number of measured landslides was 
23 for the mixed-rock area and 31 for the granite area. 
3.2. Field survey
We conducted a field survey at 18 landslide scars, M1–
M5 in the mixed-rock area and G1–G13 in the granite 
area (Fig. 1) and classified the shape of these landslides 
into planar-translational type or V-shaped type with the 
1-m DEMs. The depth profile of soil hardness (SH) was 
measured using a Yamanaka-type soil hardness tester 
(Daiki corp. Japan) at the scarps of seven landslides (M1–
M5, G1 and G2). The scarps were vertically planarized 
before measuring the SH. Then, undisturbed soil samples 
of 100 mL were cored from the scarps at every 20–55 cm 
depth interval, except for two samples taken from a deep-
er zone of M5. The sample cores were 5.0 cm in diameter 
and 5.1 cm high. In addition, undisturbed samples for 
the direct shear test were collected from the depths of the 
sliding surface of M3 and G2 using a trimming ring 6.0 
cm in diameter and 2.0 cm high. 
A cone penetration test was conducted at 1 m upslope 
from each sampling site of the east and west blocks of 
M3 and the north block of M4. The cone penetrometer 
(Tsukuba Maruto, Japan) is composed of a 2.5-cm di-
ameter cone with a 60° tip, a 1.6-cm diameter rod, and a 
5-kg hammer. The rod was vertically penetrated into the 
ground by the impact of the hammer falling 50 cm. The 
cone penetration resistance, Nc, is the number of hammer 
drops required for 10-cm penetration of the rod. In gener-
al, the Nc of granitic bedrock is regarded to be more than 
30 (Ohsaka et al., 1992; Wakatsuki and Matsukura, 2008; 
Yamashita et al., 2017; Watakabe and Matsushi, 2019). 
The bedrock surface at our study sites was defined as the 
depth where Nc exceeded 30.
3.3. Laboratory experiments
We measured the dry bulk density, specific gravity of 
soil, porosity, water saturation, grain-size distribution, 
and saturated hydraulic conductivity (K) of the cored 
samples of 100-mL volume. Dry bulk densities of each 
100-mL sample were measured after oven drying at 
110°C for 24 hr. Specific gravities of soil were measured 
using a pycnometer. Porosities were calculated from the 
dry bulk density and the specific gravity of the soil. Water 
saturations at natural water content were calculated from 
the dry bulk density, the specific gravity of the soil, and 
the soil water content. The grain-size distribution was 
measured by sieving for coarser grains (>0.074 mm) and 
by using a sedimentation method with a settling tube for 
finer grains (≤0.074 mm). Colloids were dispersed using 
sodium hexametaphosphate prior to the sedimentation 
analysis. The hydraulic conductivity, K, was measured 
with a permeability tester (DIK-4050, Daiki corp. Japan). 
The shear strength (cohesion and angle of shearing 
resistance) of the undisturbed soil samples was measured 
with a direct shear tester (Tsukuba Maruto, Japan). Dur-
ing this test, the moisture of the soil cores was adjusted to 
natural or capillary saturated condition. Displacement rate 
was 1 mm/min, and normal stresses were 100, 200, 300, 
and 400 gf/cm2. 
4. Results
4.1. Topographic features
Landslides in the mixed-rock area formed deeper scars 
than those in the granite area (Fig. 1). Elevation change of 
landslide scars indicating more than 2 m had the majority 
in the mixed-rock area. Landslide scars in the granite area 
showed approximately 1 m of erosion.
The specific source areas of landslide scarps, A/B, are 
plotted against the local slopes at landslide scarps in the 
mixed-rock area and the granite area (Fig. 2). The land-
slides in the mixed-rock area required specific source 
areas of more than 102 m. The specific source areas were 
clearly larger than those in the granite area. 
Most landslides occurred at slopes steeper than 30° 
(tanθ = 0.58) for both areas. Although the mean slope angle 
of landslides in the mixed-rock area (37.8°, tanθ = 0.78, 
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N = 23) was slightly larger than that of the granite area 
(36.8°, tanθ = 0.75, N = 31), the difference was not statis-
tically significant (p > 0.05)．
4.2. Classification of landslides
Figure 3 shows the photographs of the 18 investigated 
landslides (M1–M5 and G1–G13). These landslides were 
divided into two types, i.e., (1) planar translational type 
and (2) V-shaped type (Table 1). 
Landslides M1 and M2 corresponded to planar trans-
lational landslides (Figs. 3a and 3b). Their depths were 
approximately 1.0 m. The shallow landslide M1 had a 
2.8-m width, a 485-m specific source area, and a slope of 
41.7° (tanθ = 0.89). The shallow landslide M2 occurred 
on a slope of 35.9° (tanθ = 0.72), and the width was 14.4 
m. The specific source area of M2 was 84 m.
Landslides M3 and M4 had complex structures, both 
of which were composed of two blocks. In M3, an east-
side planar translational landslide adjoined a west-side 
V-shaped landslide (Fig. 3c). The depth, width, and slope 
angle were 2.0 m, 10.2 m, and 33.9° (tanθ = 0.67) for 
the planar translational landslide block, respectively. 
The V-shaped landslide block had a 3.5-m depth, 8.4-m 
width, and 27.7° (tanθ = 0.53) slope angle. The scarp of 
the adjoining V-shaped landslide was located 10 m up-
slope from the scarp of the planar translational landslide. 
Groundwater seeps at the bottom of the V-shaped land-
slide scar in M3. The south block of M4 (Fig. 3d) was 
a V-shaped landslide 6.0 m deep and 14.8 m wide. This 
block of the landslide connected to the north block with 
a smaller landslide scar 1.8 m deep and 6.7 m wide (Fig. 
3e).
Landslide M5 was a V-shaped one with a deeper (ap-
proximately 6.0 m) and wider (18.2 m) scar than the other 
sites (Fig. 3f). The slope angle of the sliding surface was 
33.8° (tanθ = 0.67). Groundwater seeps below the scarp 
of M5 (Fig. 3g). Bedrock was exposed at the bottom of 
the valley where subsequent rainfall and/or groundwater 
seepage was supposed to erode the overlying debris on 
the landslide scar. 
Landslides of G1–G2 were classified as planar transla-
tional type (Figs. 3h and 3i). These landslides had similar 
topographic features. The landslides had sliding surfaces 
about 1 m deep. The widths and slope angles of G1 were 
8.5 m and 38.0° (tanθ = 0.78), and those of G2 were 9.6 
m and 35.6° (tanθ = 0.72). These values were typical for 
shallow landslides on granitic hillslopes. Topographic 
types of G3–G13 were also clearly identified from the 
photographs (Fig. 3) and the elevation changes of the 1-m 
DEMs (Fig. 1). We could find only one V-shaped land-
slide (G5) through our field survey. 
Fig. 2    Specific source areas (A/B) plotted against local 
slope (tanθ) of landslides. 
 
Site Type
Mixed rock (Sandstone and mudstone)
M1 Planar translational
M2 Planar translational
M3 (East block) Planar translational
M3 (West block) V-shaped 
M4 (North block) Planar translational
















Table 1   Classification of investigated landslides.
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4.3. Soil properties
Table 2 shows the dry bulk density, porosity, water 
saturation, and specific gravity of soil samples. The soil 
properties in each site indicated (1) the smaller dry bulk 
density at shallower soil layers, (2) the relatively higher 
porosity of M1–M5 than G1 and G2, and (3) the higher 
water saturation of the soil layer deeper than 100 cm.
Figure 4 shows the grain-size distribution for soil sam-
ples of the east block of M3, the north block of M4, and 
M5. The clay and silt contents of four samples extracted 
from deeper zone of the scar of M5 were combined be-
cause these samples were not dispersed enough in this 
experimental procedure. For the case of M3, the clay 
content was less than 27.2% for the shallower layer (≤0.75 
m) and more than 33.0% for the deeper layer (≥1.45 m, 
Fig. 4a). The silt content of the three shallow samples (30, 
55, and 75 cm in depth) indicated slightly higher values 
than the other three samples. All samples of M3 con-
tained some gravel (>2 mm in diameter). The deeper two 
samples were clay-rich soil with high porosity and water 
saturation (Table 2). The clay content of M4 generally in-
creased with depth, whereas no noticeable difference was 
found in the contents of sand and gravel (Fig. 4b). The to-
tal contents of clay and silt of M5 increased as the depth 
increased from 20 to 300 cm and decreased thereunder 
(Fig. 4c). For samples of M5, gravel occupied 21.3% and 
38.8% of the content at 370 cm and 650 cm deep, respec-
tively.
 
Fig. 3    Photographs of investigated sites in the mixed-rock area (a–g) and in the granite area (h–t). The depths of the sliding sur-
face are included in the photographs in which detailed surveys were conducted. Two landslides were adjoined in each of 
M3 and M4 (c-e). Seepage in (g) was found at the downslope of M5 (f).











Specific gravity of soil
(g/cm3)
25 0.70 74.2 40.3
50 0.81 70.2 51.4
75 0.91 66.3 53.4
100 0.97 64.4 53.9
40 0.80 70.8 44.8
60 0.82 70.0 45.2
80 0.94 65.5 55.3
100 1.17 57.0 78.2
120 1.30 52.4 78.0
30 1.00 63.4 55.7
55 1.12 59.2 70.8
75 1.03 62.4 57.9
145 1.26 54.0 71.6
195 1.44 47.4 95.0
220 1.39 49.0 97.5
30 0.83 68.8 38.0
50 0.81 69.6 36.4
70 0.82 69.3 37.5
95 1.11 58.3 61.0
120 1.09 58.8 67.6
145 1.20 54.8 66.6
165 1.12 57.9 62.5
20 0.90 67.2 51.5
50 0.80 70.9 42.2
95 1.05 61.7 59.4
150 1.23 55.0 70.0
200 1.31 52.2 79.4
300 1.13 58.6 60.5
370 1.19 56.6 60.1
650 1.41 48.3 61.1
20 1.10 58.0 23.2
40 1.17 55.4 29.4
60 1.33 49.6 38.3
80 1.47 44.0 37.1
100 1.49 43.5 48.0
20 1.17 55.7 33.4
40 1.28 51.6 39.7
60 1.25 52.6 35.2















Table 2   Physical properties of soil samples.
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Figure 5 shows the vertical profiles of an Nc at three 
landslide scarps. The bedrock surface was defined as the 
depth where Nc exceeded 30. The sliding surface of the 
east block of M3 was in the clay-rich layer overlying the 
bedrock (Fig. 5a). Figure 5b exhibits the closeness be-
tween the sliding surface and the bedrock surface at the 
scarp of the west block of M3. The Nc profile at the north 
block of M4 indicated the sliding surface did not corre-
spond with the bedrock surface (Fig. 5c).
Figure 6 shows the profiles of SH and K with the esti-
mated depths of the sliding surface. The measurement of 
SH was omitted for G1 and G2. In M1, the low-SH (5.2 – 
15.8 mm) and high-K (3.0 × 10−2 – 8.7 × 10−2 cm/s) soil 
layer overlaid the sliding surface at 1.0-m depth. This 
sliding surface was identical to the soil-bedrock interface. 
The sliding surfaces of M2 and the east block of M3 were 
located around the top of the impermeable clay-rich lay-
ers (8.0 × 10−7 − 1.9 × 10−6 cm/s). In M4, the SH generally 
decreased as the depth increased from 50 to 200 cm, and 
the K changed within a range of 10−4 − 10−1 cm/s, even 
around the sliding surface. In M5, the thick soil layer con-
taining gravel indicated an intermediate SH (8.0 – 20.3 
mm) and high K (3.9 × 10−4 – 6.5 × 10−2 cm/s) compared 
to the other sites. In G1 and G2, the K ranged from 8.0 
× 10−2 to 1.0 × 10−1 cm/s, and the sliding surfaces were 
consistent with the soil-bedrock interfaces. Except for the 
impermeable clay-rich layers in M2 and the east block of 
M3, the soil layer 95 and 145 cm deep in the north block 
of M4, and the soil layer 200 cm deep in M5, the values 
of K were high, indicating more than 10−3 cm/s. 
Figure 7 shows the shear strength of the sliding sur-
face of a planar translational landslide of M3 and G2. 
The cohesion of the soil samples substantially changed 
depending on the conditions of water saturation, whereas 
the angle of shearing resistance showed a little change. 
The saturated samples in M3 indicated a cohesion of 44.8 
gf/cm2, which was less than half for the natural samples 
of 114.9 gf/cm2. The angles of shearing resistance were 
 
Fig. 4    Grain-size distribution of soil samples collected from 
landslide scarps of the east block of M3 (a), the north 
block of M4 (b), and M5 (c). The percentage contents 
of clay and silt for the deeper four samples in M5 were 
combined because these samples were not dispersed 
enough in the experimental procedure.
 
Fig. 5    Depth profiles of Nc at 1 m upslope from each sampling site in the mixed-rock area. 
(a) The east block of M3. (b) The west block of M3. (c) The north block of M4. The 
red line indicates the depth of the sliding surface estimated from field observations.
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Fig. 6    Depth profiles of hydraulic conductivity (K), soil hardness (SH) and the depths of sliding surface in 
M1 (a), M2 (b), the east block of M3 (c), the north block of M4 (d), M5 (e), G1 (f) and G2 (g). The 
measurements of SH in G1 and G2 were omitted. The sliding surface was estimated based on in-
field observations and the profiles of K and SH.
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Fig. 7    Results of direct shear test of the east block of M3 (a) and G2 (b). The test was conducted using undisturbed soil samples 
under the natural or capillary-saturated conditions. The sample was collected from sliding surface in each landslide.
 
Site Z  (cm) γ s  (gf/cm
2) β  (°) c  (gf/cm2) φ  (°)
M3
(East block)
200 1.70 33.9 44.8 42.6
G2 100 1.82 35.5 33.5 44.8
Table 3   Parameters applied to the infinite slope stability analysis.
 
Fig. 8    Slope stability analyses of the east block of M3 (a) and G2 (b). The lines in the figure indicate the critical conditions of 
the slope (Fs = 1). If m = 0, the groundwater table is assumed to be below the soil layer. If m = 1, the groundwater table 
correlates with the ground surface, indicating high saturation.
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46.2° and 42.6° for the natural and saturated samples, re-
spectively. The samples in G2 exhibited weaker cohesion 
compared to those of M3 at the same saturation degrees. 
The angles of shearing resistance ranged from 41.0° to 
46.2° among all samples.
5. Discussion
Our data suggests that both planar-translational land-
slides and V-shaped landslides occurred in the mixed-
rock area while planar-translational type predominated in 
the granite area. Large specific source areas exceeding 102 
m for V-shaped type would facilitate supply of rainwater 
and groundwater to soil layers through several paths. 
Consequently, excessive supply of water might cause 
V-shaped landslides.
Major composition of sliding surface of planar trans-
lational type in the mixed-rock area were soil-bedrock 
interfaces or between permeability soil and impermeable 
clay-rich soil. Most of planar-translational landslides 
in the granite area occurred on soil-bedrock interfaces. 
These planar-translational landslides would occur by 
increment of saturation degree in the soil layers, but 
detailed triggering conditions have not discussed well, 
particularly for landslides in mixed-rock area. We thus 
estimated the triggering conditions of planar-translational 
landslides of M3 and G2 based on slope stability analysis. 
We applied infinite slope stability analysis to specify 
the critical condition of G2 and the east block of M3, 
which were classified as planar-translational ones and had 
far longer sliding surfaces than the soil depths. Therefore, 
the infinite slope stability analysis was applicable to the 
two shallow landslides. We utilized the equation proposed 
by Skempton and DeLory (1957): 
 ( )
2 
  s ws
s





where Fs is the factor of safety, γs is the unit weight of sat-
urated soil (gf/cm3), Z is the vertical soil thickness (m), β 
is the slope angle (°), φ is the angle of shearing resistance 
(°), c is the cohesion of soil (gf/cm2), γw is the unit weight 
of water (gf/cm3), and m is the parameter of the condition 
of groundwater level ranging from zero to one. A con-
dition of Fs < 1 means that the soil-mantled hillslope is 
unstable. The groundwater table is below the sliding sur-
face for m = 0, and it corresponds with the ground surface 
for m = 1. The parameters for Eq. (1) were obtained from 
topographic analysis and soil tests. Table 3 shows the pa-
rameters applied to Eq. (1). The unit weight of water (γw) 
is regarded to be 1.0 gf/cm3. 
Figure 8 illustrates the critical conditions of the G2 and 
east block of M3. Rectangles in this figure, which repre-
sent the values of the soil depth and slope angle of each 
landslide, were located around the zone of Fs < 1 for m = 1. 
This result means that the slopes became unstable when 
the soil layer reached nearly full saturation in both slopes. 
Considering the geometric similarity to the G2 and east 
block of M3, most of the other planar translational land-
slides in the study area likely occurred when the soil 
layer became nearly fully saturated. This estimation is 
consistent with other studies conducted in the schist area 
nearby where geological setting is the similar (Matsushi 
et al., 2015; Watakabe and Matsushi, 2019). Soil depths 
of the mixed-rock area exceeded 1 m, which were larger 
than common cases in the granite area. This thick soil 
layer contains much clay (Fig. 6c). Consequently, the im-
permeable clay-rich layer underlain by thick and cohesive 
soil layer must have caused the full saturation during the 
storm.
Although the infinite slope stability analysis could 
indicate the triggering conditions of planar translational 
landslides, the infinite slope stability analysis i.e., Eq. 
(1), is not applicable to the V-shaped landslide due to the 
complexities of shape and some presumable hydrologi-
cal processes. Both field evidence and literature review 
imply the influence of groundwater on the triggering 
conditions of landslide in the mixed-rock area. Most of 
the landslides in the mixed-rock area required specific 
source areas of more than 102 m. Moreover, we also 
observed groundwater seepage at the scars of M5 and 
the west block of M3 during our field survey (Fig. 3). 
Mathewson et al. (1990) and Onda et al. (2001, 2004, 
2006) demonstrated that rainfall frequently recharges into 
bedrock fractures and that the groundwater flow through 
the bedrock fractures is a significant controlling factor 
for runoff responses in mountainous regions underlain by 
sedimentary rocks. Matsushi et al. (2015) also suggested 
that the funnel-shaped landslides in the schist area, which 
are similar to V-shaped landslides, were influenced by 
groundwater. Larger source areas for landslide sites in the 
mixed-rock area may contribute to increases both in shal-
low subsurface flow and groundwater discharge and to a 
decrease in slope stability. 
6. Conclusion
We classified shallow landslides that occurred on 
August 20, 2014 on Mt. Abu in the northern part of Hi-
roshima City in southwestern Japan into two types and 
estimated the critical conditions of the shallow landslides. 
Shallow landslides in the mixed-rock area would occur 
due to fully saturated cohesive soil layers of more than 
2 m thick. Most of these landslides required specific 
source areas with one to two orders of magnitude larger 
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than those in the granite area. Impermeable clay-rich 
layers played a role in sliding surface for some landslide 
scarps in the mixed-rock area. The triggering conditions 
of landslides must involve diverse factors, especially in 
the mixed-rock area where groundwater discharge might 
intensely influence the slope stability.
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